By means of pulsed laser spectroscopy applied to muonic hydrogen (μ − p) we have measured the 2S
INTRODUCTION
The hydrogen atom (H) is unique as physical theories can be applied to it "without" approximations. Any discrepancy between theoretical prediction and experimental measurement which may be unveiled at any increase of theoretical and experimental accuracy thus holds the potential for new fundamental insights.
Nothing can hide in H, not even the proton at its center. In fact, measurements with hydrogen beams by Stern in 1933 revealed that the magnetic moment of the proton deviated from the prediction of the Dirac relativistic theory. This was the first indication that the proton -contrary to the electron -has a structure. In 1947 measurements of the 2S-2P splitting (Lamb shift) and 1S-hyperfine splitting in H deviated from those predicted by the Dirac equation. This was the initiation for the development of quantum electrodynamics (QED). In the last four decades, the goal to measure H energy levels with greater accuracy has lead to advances in high resolution spectroscopy and metrology. This peaked with the invention of the frequency comb laser. The high accuracy obtained with such techniques provided cornerstones to test bound-state QED, to determine the Rydberg constant R ∞ and the proton radius (assuming the correctness of the theory), and to search for slow time variations of fundamental constants.
Hydrogen energy levels are slightly modified by the fact that in contrast to the electron the proton has a finite size. Hence, to precisely predict these energy levels an accurate knowledge of the root-mean-square charge radius of the proton (r p ) is necessary. The historical method of determining r p was based upon scattering electrons on protons, in effect by scattering an electron beam on a liquid hydrogen target. The uncertainty related to the knowledge of r p extracted from electron-proton scattering limited the prediction accuracy of the H energy levels, and consequently it was limiting the comparison between theory and measurements. Therefore to advance the check (comparison between prediction and measurement) of bound-state QED describing the H energy levels it was necessary to have a more precise determination of r p . This was one of the main motivations for our experiment: to measure the 2S-2P splitting (Lamb shift) in muonic hydrogen (μp) with 30 ppm accuracy in order to determine r p with a precision better than 0.1%. This is a factor of 20 improvement compared with the value from scattering experiments and thus paves the way to check H theory, more precisely the 1S Lamb shift, a factor of 20 better as previously achievable.
The muon is about 200 times heavier than the electron. As a consequence the μp atomic Bohr radius is correspondingly smaller than in H. Effects of the finite size of the proton on the μp energy levels are thus enhanced. For hydrogen-like atoms the finite size effect i.e. the energy shift caused by the fact that the proton has a finite size is given in leading order by
where Z is the nuclear charge number, α the fine-structure constant, n the principal quantum number, m r the reduced mass of the system and δ l0 the Kronecker symbol. Only S-states (l = 0) are thus shifted in leading order. ΔE F S in μp is 10 7 larger than in H because of the m 3 r dependence. Therefore by measuring the μp(2S − 2P ) transition frequency even with moderate accuracy it is possible to extract r p with great accuracy.
EXPERIMENTAL PRINCIPLE
Our experiment is based upon laser spectroscopy of μp and therefore two main components are necessary: a low energy muon beam and a laser system. − stopped in H2 cascade directly (within 100 ns at 1 hPa gas pressure) emitting X-rays of the Lyman series at around 2 keV. 1% of the μ − populate the long-lived metastable 2S state whose lifetime is τ2S = 1 μs at 1 hPa H2 gas. (b) The μp atoms are illuminated by a laser pulse 1 μs after formation. If the laser is on resonance, Kα X-rays in time coincidence with the laser pulse are observed.
Muonic hydrogen is produced by stopping negative muons (μ − ) in H 2 gas. The μp atoms are produced at highly excited states (around n ∼ 14). Most of these de-excite quickly to the 1S-ground state, but ∼ 1% populate the long-lived 2S-state ( Fig. 1 (a) ) whose lifetime is 1 μs at 1 hPa gas pressure.
10, 11 A short laser pulse tunable to a wavelength around λ ≈ 6 μm (corresponding to μp(2S − 2P ) splitting) illuminates the muonic atom. 2S → 2P transitions are induced by the laser light ( Fig. 1 (b) ), immediately (lifetime of the 2P state is τ 2P = 8.5 ps) followed by 2P → 1S de-excitation via emission of a Lyman K α X-ray of 1.9 keV energy. Obviously, the transition from the 2S to the 2P state and the subsequent emission of X-ray only occurs if the laser frequency is resonant with the 2S-2P transition. A resonance curve is obtained by measuring the number of 1.9 keV X-rays at different laser wavelengths that occur in time-coincidence with the laser pulse.
LOW ENERGY MUON BEAM
The μp Lamb shift experiment requires to stop μ − in a H 2 target at 1 hPa pressure and in a reasonably small volume (pencil-like) which can be efficiently illuminated by the laser light. Thus μ − with kinetic energies of ∼ 5 keV are needed. Low H 2 gas pressure is required to have a long-lived μp(2S) population, i.e. to reduce collisional quenching of the 2S-state.
Our muon beam shown in Fig. 2 
consists of the Cyclotron Trap (CT)
12 for the production of low energy μ − , the muon extraction channel (MEC) which is a curved solenoid for the transport and the selection of μ − with 2 MeV/c momentum, and a 1 m long solenoid (PSC) containing two non-destructive μ − transmission detectors and the H 2 gas target. 
where T (0) and T ⊥ (0) are respectively the axial and radial kinetic energies at the trap center, B 0 2 T the magnetic field (minimum) at the trap center (z = 0), B max 4 T the maximal field at the coil centers and q the muon charge (qV > 0). On average a μ − crosses the foil several hundred times and at every crossing it loses energy. When the transverse component T ⊥ (0) is sufficiently small (see Eq. (2)) the μ − escapes from the CT.
The escaping μ − enter the MEC, a toroidal momentum filter assembled from normal conducting magnetic coils (magnetic field B = 0.15 T). Since the MEC magnetic field has a "small" horizontal gradient (toroidal shape), the charged particles undergo a small vertical drift (out of the plane in Fig. 2 ) relative to the magnetic field lines. Particles with different momenta undergo different vertical drifts and thus momentum selection can be achieved by placing collimators at the correct vertical positions. Monte Carlo simulations showed that 2 MeV/c particles undergo a maximal vertical drift relative to the magnetic field lines of about ∼ 4.5 cm, whereas the high flux of keV energy electrons (low momentum p e ∼ 0.14 MeV/c for 20 keV energy) have an almost negligible vertical drift. This vertical drift caused by the gradient of the magnetic field in horizontal direction can be understood qualitatively as being the consequence of different gyration radii (= −p ⊥ /qB) as the particle moves in and out of regions of larger than average and smaller than average magnetic field strengths.
From the MEC, the μ − are guided into the bore hole of a 5 Tesla superconducting PSC magnet whose strong field ensures minimal radial size of the muon beam. The setup inside the PSC solenoid is shown in Fig. 2 (c) . Before entering the H 2 target, the μ − pass two stacks (S 1 and S 2 ) of ultra-thin carbon foils (d = 4 μg/cm 2 for each foil) kept at high electric potential which both serve as muon detectors and decelerate the μ − to 5 keV.
Each μ − releases a few e − in the stack-foils which are separated from the much slower μ − in an E × B separator field. The e − are detected by plastic scintillators read out by PMT and their coincidence provide the trigger signal for the laser systems. The number of detected μ − is 330 s −1 at a proton beam current of 1900 μA. The S 1 and S 2 detector efficiencies are 80% and 70% respectively. The trigger quality, i.e. the fraction of stopped to detected μ − , is Q ≈ 40% at 1 hPa.
Finally, the μ − enters the H 2 target. The μ − stopping volume has a length of 20 cm and 5×12 mm 2 transverse dimension. Above and below, two arrays (2 × 10) of Large Area Avalanche Photo-Diodes record the 1.9 keV K α X-rays. They have an active area of 14x14 mm 2 with energy resolution of 25 % (FWHM), time resolutions of 40 ns (FWHM), and detection efficiency of ∼ 80 % for 1.9 keV X-rays (at -30
• C). 13, 14 The minimum detectable energy is 1 keV.
LASER SYSTEM
The laser system 15, 16 is schematically given in Fig. 3 and fulfills following requirements: stochastically triggerable (μ − enter the gas target at random times) with dead-time smaller than 2 ms, delay between trigger and emission of the light of less than 1 μs (given by the 2S lifetime), tunable around λ = 6 μm with 0.25 mJ pulse energy and less than 2 GHz bandwidth. It is composed of a pulsed thin-disk laser 16 and a pulsed oscillator-amplifier Ti:Sa laser whose frequency is injection-seeded by a continuous (cw) Ti:Sa laser. 15 The laser pulses produced by the Ti:Sa laser at 708 nm are then frequency shifted to 6 μm via a Raman process and transported for 20 m from the laser hut into the zone. There they are coupled to a multi-pass enhancement cavity, illuminating the muon stopping volume.
A fiber coupled diode laser continuously pumps the thin-disk laser with 1.2 kW of radiation at 940 nm, so that the energy is continuously stored in the disk active material (upper level lifetime ∼ 1 ms). This continuous pumping ensures short delay and pulse-to-pulse stability even for random repetition rate. Furthermore, to achieve minimal intrinsic delay of the laser pulse buildup we operate the Yb:YAG oscillators in "cw-prelasing" mode. Intensity stabilized prelasing, together with a suited beam size at the disk, also guarantees stable operation in TEM00-mode and thus very stable pulse energy outputs (rms stability of 1-2%). After a muon-trigger, the Q-switched oscillator cavities are closed by switching one of the two HV-electrodes of their Pockels cells (PC) within a few nanoseconds. Fast intra-cavity pulse build-up follows. About 200 ns later the cavities are opened by switching the second electrode of the PC. The circulating power is thus released. Each oscillator delivers a 9 mJ pulse at 1030 nm with a beam-quality factor M 2 < 1.1 and a delay of only 250 ns after the muon trigger. The two thin-disk amplifiers boost each pulse to 43 mJ using a novel configuration whose main peculiarity is its insensitivity to thermal lens effects even for large beam waists. 16 Pulse energies up to 80 mJ have been achieved but during the 2009-run the laser was operated in a safe mode (at 43 mJ). No need of readjustment was needed for several weeks. A frequency doubling stage based on LBO crystals is used to convert the two disk-laser pulses from 1030 nm to 515 nm which is a suitable wavelength for the pumping of the Ti:Sa laser. We achieved a stable output of 27 mJ at 515 nm per system during the run 2009. The Ti:Sa laser which is pumped by the thin-disk laser is a concatenation of a wavelength-selective masteroscillator cavity and a bow-tie configuration multi-pass power-amplifier. The 1.5 mJ pulses emitted from the oscillator are boosted in the amplifier to 15 mJ. The frequency of the Ti:Sa laser is controlled by injection seeding the Ti:Sa oscillator with a single-mode cw-Ti:Sa laser. The stability of the cw Ti:Sa laser frequency is guaranteed by locking it to an external calibrated stable Fabry-Perot cavity. The resulting cw Ti:Sa frequency is absolutely known with a precision of 30 MHz whereas the frequency of the Ti:Sa pulses is known better than 100 MHz (chirping effects of ∼ −100 MHz). This uncertainty is small when compared with the statistical accuracy of 1 GHz.
The 5 ns (FWHM) long pulse emitted from the TiSa laser at 708 nm is then frequency shifted to 6 μm with a Raman cell filled with 15 bar of H 2 gas by means of three Stokes processes. The frequency of the pulse exiting the Raman cell is
where Δ Stokes = 4155.22(2) cm −1 is the vibrational (0 → 1) transition energy in H 2 . The 6 μm pulse is then coupled into a multi-pass cavity surrounding the μ − stop volume. The cavity design shown in inset of Fig. 3 guarantees insensitivity to injection and cavity misalignment and "uniform" filling of a large and elongated volume. Mirror tilts as large as 7 mrad (vertically) and 0.5 mrad (horizontally) are tolerable. Thus no active stabilization or remote control are necessary. The laser pulse enters the cavity via a hole in one of the mirrors. The cylindrical mirror M 2 confines the light in the vertical direction, whereas the two cylindrical pieces ("cavity ears") attached to the flat mirror M 1 guarantee the confinement in the horizontal direction. The illuminated area is 175 mm × 5 mm. About 650 reflections (n ref ) between the two cavity mirrors have been measured which corresponds to an effective reflectivity (which include losses at the "cavity-ears", and losses through the coupling hole and dusty environment) of 99.90%. This corresponds to a light lifetime (confinement time in the cavity) of 50 ns. Laser induced 2 keV X-ray have to be searched in this time window. The resulting laser fluence is
where E laser is the Ti:Sa laser pulse energy, A = 8.8 cm 2 is the transverse illuminated mirror surface, f t = 0.5 is the transport efficiency of the light from the Ti:Sa amplifier output to the target cavity entrance (including all beam splitters required for laser monitoring etc.), and f c = 0.8 is the coupling efficiency through the φ = 0.63 mm diameter hole. A typical pulse energy of 0.2 mJ at the Raman cell output will lead to an average laser fluence F = 12 mJ/cm 2 (saturation fluence F sat = 16.5 mJ).
Tuning the wavelength of the cw TiSa laser results in a tuning of the frequency of the pulsed TiSa laser by the same amount (due to injection seeding) and a tuning by the same amount at 6 μm (see Eq. (3)). The absolute frequency of the spectroscopy pulse at 6 μm has been determined with two different methods. One was performed directly at λ = 6 μm by means of water vapor absorption in air and in a cell. This avoids any uncertainties related to chirping effects in the TiSa laser, and to the value of Δ Stokes which is pressure und temperature dependent. The absolute position of the water absorption lines are known to an absolute precision of ∼ 1 MHz.
17, 18 The scatter of ∼ 30 H 2 O absorption line measurements (for 5 different water lines) recorded at various times during the data taking determines the 300 MHz uncertainty of the frequency calibration. This spread arises from pulse-to-pulse instabilities of the Raman process. From this measurement also the spectral width of the pulse has been inferred to be 1.7 GHz. The second frequency calibration method exploits Eq. (3). Since the frequency of the cw TiSa laser, the chirping effects and Δ Stokes are known it is possible to "indirectly" determine the frequency of the 6 μm pulse. The result is in agreement with the direct measurement via water line absorption but less precise due to the uncertainty in the Stoke shift.
MEASUREMENTS
A resonance curve as shown in Fig. 4 is obtained by measuring the number of 1.9 keV X-rays at different laser wavelengths that occur in time-coincidence with the laser pulse. The center of the 2S 1 The uncertainty of 15 ppm consists of 700 MHz statistical uncertainty from the free fit of a Lorentzian resonance line on top of a flat background, and the 300 MHz total systematic uncertainty which is exclusively due to the laser wavelength uncertainty. Other systematic effects we have considered are Zeeman shift in the 5 T field (< 30 MHz), AC and DC Stark shifts (< 1 MHz), Doppler shift (< 1 MHz) and pressure shift (< 2 MHz). Molecular effects do not influence our resonance position because the formed muonic molecules ppμ + are known to deexcite quickly 19 and do not contribute (no 2S population in the molecular state) to our observed signal. Also, the width of our resonance line of 18.0(2.2) GHz agrees with the expected width of 20(1) GHz, whereas molecular lines would be wider.
Concluding, it is important to note that the position of this line strongly disagrees (about four times the linewidth) with theory predictions shown by the orange points in the Fig. 4 (see below) .
PROTON RADIUS FROM MUONIC HYDROGEN LAMB SHIFT
Comparison of the measured transition energy ΔE 
PROTON RADIUS FROM H SPECTROSCOPY
In a simplified picture, the r p from H spectroscopy is deduced by comparing the experimentally determined 1S Lamb shift (L 1S ) with its theoretical prediction. To experimentally determine the 1S Lamb shift at least two transition frequencies need to be measured in H. The transition frequencies are approximately given by the Bohr structure and the Lamb shifts * : (6) where m is the electron mass, ν's the transition frequencies and ε a small QED corrections which can be precisely computed. From transition frequency measurements in H both the L exp 1S and the R ∞ are determined. From Eq. (6) we see that
ν(1S − 2S) is measured to a relative accuracy of u r = 1.4 × 10 −14 corresponding to 46 Hz, 20 much better than R ∞ whose relative uncertainty is u r = 6.6 × 10 −12 corresponding to 22 kHz. 8 As a consequence, the uncertainty of the experimentally determined Lamb shift δL exp 1S originates basically only from the uncertainty of R ∞ which results mainly from the 2S-8S/D and 2S-12S/D transition frequency measurements.
21
The theoretical prediction of the Lamb shift Figure 5 . The rp value from μp spectroscopy is in strong disagreement with the values extracted from H spectroscopy, with the value from the world average electron scattering (e-p scatt.) data, 9 and with the new electron scattering value from Mainz. 27 Values from "Lattice QCD" calculations, 28 and "dispersion" fit 29 are strongly model dependent.
where the 4 kHz uncertainty arises mainly from the B 60 term (difference between the perturbative and the allorder approach 
THE PROTON RADIUS PUZZLE
The proton radii from the various experiments are summarized in Fig. 5 . The r p value from μp is 10 times more precise, but 5.0 σ smaller, than the previous best (CODATA) value r p = 0.8768(69) fm, 8 which is mainly obtained from H spectroscopy. It is 26 times more accurate, but 3.1 σ smaller, than the previously accepted hydrogen-independent value extracted from electron proton scattering Obviously, the r p values determined from the various experiments have to be consistent within their accuracies. The observed discrepancy therefore indicates that a problem exists in at least one of the experiments or theory used to extract the radii.
Is muonic hydrogen experiment wrong?
One way to bring in agreement the r p value extracted from μp with the one extracted from H and scattering experiment is to shift the frequency of our measurements by 0.3 meV (equivalent to 75 GHz, a relative frequency shift of 0.15%). However, from the experimental point of view a mistake in the frequency calibration or a systematical line shift of 75 GHz has to be excluded. Note that the laser frequency was calibrated with two different methods.
The systematical effects in μp are negligible since generally speaking they scale as 1/m. For example the Zeeman effect in μp is proportional to the muonic Bohr's magneton which is 200 times smaller than the standard Bohr's magneton. Similarly for the pressure shift. The μp(2S − 2P ) pressure shift in H 2 gas is ∼ 1 MHz/hPa 31 whereas it is ∼ 100 MHz/hPa for the H(1S-2S). This reduction arises from the smallness of the μp atom (stronger average internal E-field) and larger level splitting. It is also reasonable to question if instead of performing the spectroscopy on a μp atom we have performed spectroscopy on a molecular state. These molecules have been demonstrated to exist 10 but it was demonstrated as well that they have a very short lifetime. 19 Therefore they can not give rise to the measured signal. Furthermore the measured μp linewidth agrees with predictions. The absence of unpredicted broadening is thus an indication of the absence of unknown large systematical shift.
Is muonic hydrogen theory wrong?
Another possibility to bring in accordance the r p value extracted from μp with the one extracted from H and scattering experiments would be to correct the μp(2S − 2P ) theory by 0.3 meV. Such a shift would be equivalent to 60 times the present theory uncertainty of 0.0049 meV.
Spectroscopy in hydrogen-like atoms continues to challenge our understanding of physics. Muonic hydrogen, deuterium and helium ion in particular, represent interesting platforms to test bound-state theories and to extract nuclear properties.
